Introduction
============

Solid tumors contain many kinds of cells besides tumor cells *per se*, such as immune cells, epithelial cells and mesenchymal stromal cells (MSCs).^[@bib1],\ [@bib2],\ [@bib3]^ They help in building the tumor microenvironment (TME). The precursors of MSCs are a group of fibroblast-like adult stem cells that mainly exists in the bone marrow.^[@bib4]^ Under inflammatory conditions such as those caused by damaged tissues, MSCs rapidly migrate to sites of wounding.^[@bib5],\ [@bib6]^ As tumors have many characteristics of a wound that never heals,^[@bib7]^ we and others found that MSCs can also be recruited to tumor sites and regulate tumor development in multiple ways.^[@bib8],\ [@bib9],\ [@bib10],\ [@bib11],\ [@bib12]^ Among these, MSC-mediated regulation of immune cells has gained much more attention in recent years.^[@bib13],\ [@bib14],\ [@bib15]^

MSCs have a close relationship with immune cells. Our previous work found that under strong inflammatory conditions, MSCs exhibited immunosuppressive characteristics.^[@bib16],\ [@bib17]^ MSCs recruit immune cells to their surroundings through secretion of large amounts of chemokines. MSCs then produce immunosuppressive factors, such as nitric oxide and indoleamine 2, 3-dioxygenase, to suppress immune cell function. These properties suggest that MSCs have a potential ability to treat immune disorders. However, we also found that under weak inflammatory conditions, MSCs can enhance immune responses, as pro-inflammatory cytokine levels were inadequate to elicit sufficient nitric oxide and indoleamine 2, 3-dioxygenase production by MSCs.^[@bib18]^ Thus, MSCs have a potential role in regulating immune responses in the TME. As one example, our previous work has demonstrated that tumor-derived MSCs (T-MSCs) significantly enhanced tumor growth through the recruitment of macrophages.^[@bib13]^ These T-MSCs expressed high levels of CCR2 ligands, which were responsible for macrophage accumulation within tumor. Tumor necrosis factor α (TNFα)-activated MSCs mimicked T-MSCs in their chemokine production profile and ability to promote tumor growth. However, whether MSCs influenced tumor metastatic potential in an immune response dependent way was not further studied.

Tumor metastasis is the major cause of human cancer death. Recent studies from animal experiments suggested that tumor-infiltrating immune cells contribute to the metastatic cascade.^[@bib19],\ [@bib20],\ [@bib21]^ A substantial amount of clinical data also indicate that tumor infiltration of certain types of immune cells correlates with poor prognosis of patients with cancer.^[@bib22],\ [@bib23]^ Among these, tumor-associated neutrophils are an important candidate to influence tumor metastasis because of the large numbers of infiltrating tumor-associated neutrophils found in tumor tissue.^[@bib24]^ There are a substantial number of studies that suggest that tumor-associated neutrophils are important in promoting tumor metastasis, possibly through secreting matrix metalloproteinases (MMPs) and other soluble molecules.^[@bib25],\ [@bib26]^ The underlying mechanism of the recruitment of neutrophils into tumors has not been fully studied. Chemokines are important for neutrophil recruitment. However, different types of tumors may use different chemokines as neutrophil chemoattractants, such as CXCL5 in breast cancer,^[@bib27]^ CXCL6 in gastrointestinal tumor^[@bib28]^ and HMGB1 in melanoma.^[@bib29]^ Whether there are universal mechanisms across different tumor types needs to be further explored.

In this study, we employed a murine breast cancer tumor model and found TNFα-activated MSCs significantly promoted tumor metastasis. By secreting CXCR2 ligands, these TNFα-activated MSCs efficiently recruited neutrophils into tumors. Inhibition of this chemotaxis reversed the pro-metastatic effect of MSCs. A co-culture system showed evidence that neutrophils activated tumor cells to express higher levels of metastasis-related genes. Thus, our study identifies a novel MSC/neutrophil/tumor cell axis, which is critical in neutrophil recruitment and subsequent tumor metastasis in breast cancer.

Results
=======

TNFα-activated MSCs promote tumor metastasis
--------------------------------------------

To study the effect of TNFα-activated MSCs on tumor metastasis, we co-injected 4T1 breast cancer cells with murine bone marrow-derived MSCs into the fat pad of the BALB/c mice. We found that TNFα-activated MSCs markedly promoted tumor metastasis to lung, whereas MSCs without cytokine treatment showed no effect ([Figure 1a](#fig1){ref-type="fig"}). Growth of the primary tumor was not altered by TNFα-activated MSCs ([Supplementary Figures S1a and b](#sup1){ref-type="supplementary-material"}). This result indicated that MSCs displayed greater potential to promote tumor metastasis when activated by TNFα. Animal survival analysis also showed that TNFα-activated MSCs markedly shortened the life span of tumor-bearing mice ([Figure 1b](#fig1){ref-type="fig"}).

The TME has a crucial role in modulating the properties of MSCs. Our previous study demonstrated that T-MSCs promoted tumor growth more potently than normal MSCs.^[@bib13]^ TNFα-pretreated MSCs mimicked T-MSCs in promoting tumor growth. In our 4T1 breast cancer model, the concentration of TNFα in the serum was much higher in tumor-bearing mice compared with WT mice ([Figure 1c](#fig1){ref-type="fig"}). We therefore wondered if T-MSCs can exert a similar pro-metastatic effect as seen for TNFα-pretreated MSCs. We co-injected T-MSCs with 4T1 cells and as expected, lung metastasis were markedly increased ([Figure 1d](#fig1){ref-type="fig"}).

Our previous study showed that both T-MSCs and TNFα-activated MSCs exhibited altered patterns of gene expression in comparison with normal MSCs, especially in the levels of expression of chemokine and growth factor genes. There are also reports that suggest that MSCs promote tumor metastasis through directly enhancing tumor migration.^[@bib10],\ [@bib30]^ Based on these observations, we hypothesized that TNFα-activated MSCs facilitated tumor metastasis through directly secreting chemokines and growth factors. To test this, we examined the effect of MSCs in a wound-healing assay. Surprisingly, we found that cultured medium derived from TNFα-activated MSCs failed to enhance tumor cell migration as monitored by wound healing ([Figures 1e and f](#fig1){ref-type="fig"}). This suggests that TNFα-activated MSCs promote tumor metastasis through an indirect mechanism.

TNFα-activated MSCs mediated tumor metastasis promotion is independent of CCL5 and CCR2 ligands
-----------------------------------------------------------------------------------------------

We and others have demonstrated that MSCs can recruit immune cells and modify their functions through secretion of multiple chemokines and growth factors.^[@bib16]^ Therefore, it is possible that MSCs promote metastasis indirectly by recruiting immune cells secondary to secretion of chemokines. To test this, we compared chemokine levels produced by different groups of MSCs using a qPCR array. Consistent with previous reports, multiple chemokines were upregulated in either T-MSCs or TNFα-activated MSCs ([Figure 2a](#fig2){ref-type="fig"}). Interestingly, among these genes, seven chemokines were significantly upregulated in both T-MSCs and TNFα-activated MSCs. These chemokines could be generally divided into three groups according to the chemokine receptor to which they bound, that is, CCR5, CCR2 and CXCR2, respectively ([Figure 2a](#fig2){ref-type="fig"}). Next we wanted to explore which group of chemokines was responsible for the pro-metastatic effect of MSCs.

Previous studies strongly suggested that CCL5 synthesized by MSCs can promote breast tumor metastasis in a human tumor cell xenograft model.^[@bib10]^ Indeed, we observed higher levels of CCL5 in T-MSCs and TNFα-activated MSCs compared with untreated-MSCs, at both the mRNA and protein levels ([Supplementary Figures 2a and b](#sup1){ref-type="supplementary-material"}). This suggested that CCL5 might have a similar role in our tumor model. However, when we used CCL5-deficient MSCs, we found TNFα-activated CCL5-KO MSCs still promoted lung metastasis ([Figures 2b and c](#fig2){ref-type="fig"}), without affecting the primary tumor growth ([Supplementary Figure 2c](#sup1){ref-type="supplementary-material"}). Therefore, in our animal model, CCL5 is not the key factor promoting tumor metastasis.

The second chemokine group- CCL2, CCL7 and CCL8, share the same receptor, CCR2, a chemokine receptor that is essential for monocyte/macrophage trafficking, which is widely expressed on monocytes and macrophages. Our previous results showed that T-MSCs and TNFα-activated MSCs exerted their tumor-promoting effects by recruiting macrophages.^[@bib13]^ To test whether these recruited macrophages also enhanced tumor metastasis, we first determined the number of macrophages in the tumors of either T-MSC or TNFα-activated MSC treated mice. Surprisingly, we observed no changes in either group, which was not consistent with our previous results ([Figure 2d](#fig2){ref-type="fig"}). A possible explanation was that, unlike the tumor cell lines we used in our previous study (B16 and EL4), the 4T1 tumor cells spontaneously expressed CCL2 ([Supplementary Figure S3a](#sup1){ref-type="supplementary-material"}). Therefore, 4T1 tumor cells may compensate for the function of MSCs by secreting CCR2 ligands.

Although the numbers of macrophages infiltrating in the tumors showed no differences, their properties may have changed. To exclude this possibility, we employed a CCR2 inhibitor, RS504393, to inhibit the activity of CCR2 ligands and the recruitment of macrophages. We found that primary tumor growth in all groups was significantly inhibited ([Supplementary Figures S3b and c](#sup1){ref-type="supplementary-material"}), indicating an important role for macrophages on tumor growth. When tumor metastases were studied, however, TNFα-activated MSCs still exerted similar pro-metastatic effects after RS504393 treatment ([Figures 2e and f](#fig2){ref-type="fig"}). Therefore, the pro-metastatic effect of MSCs was independent of CCR2 ligands.

Neutrophil accumulation is promoted by TNFα-activated MSCs
----------------------------------------------------------

The third group of chemokines included CXCL1, CXCL2 and CXCL5, which all bind to CXCR2. Previous studies suggested that CXCR2 was abundant in neutrophils. Indeed, we found that, in the blood of tumor-bearing mice, almost all the CXCR2-positive immune cells were CD11b^+^Ly6G^+^ neutrophils, and nearly all the neutrophils expressed CXCR2 ([Figure 3a](#fig3){ref-type="fig"}). In contrast, circulating CD4^+^, CD8^+^ T cells, monocytes and macrophages expressed only very low to undetectable levels of CXCR2 ([Figure 3b](#fig3){ref-type="fig"}). Neither MSCs nor 4T1 tumor cells expressed CXCR2 ([Supplementary Figure S4a](#sup1){ref-type="supplementary-material"}). Therefore, neutrophils were clearly the primary if not the only TME-associated immune cell type that expressed high levels of CXCR2 in our 4T1 breast cancer system.

We next examined the percentage of neutrophils in tumor-bearing mice. Interestingly, we found that mice injected with either T-MSCs or TNFα-activated MSCs showed evidence of increased intratumoral neutrophil infiltration ([Figures 3c and d](#fig3){ref-type="fig"}). The percentage of neutrophils in blood was also higher in these two groups ([Figure 3c](#fig3){ref-type="fig"}). Immunohistochemical analysis of primary tumor tissue also showed that TNFα-activation of MSCs resulted in increased neutrophils infiltration ([Supplementary Figure S4b](#sup1){ref-type="supplementary-material"}). These results clearly showed that T-MSCs and TNFα-activated MSCs increased neutrophil recruitment into the TME. The infiltration of other immune cells in the tumor was also examined. The percentage of CD4^+^, CD8^+^ T cells and monocytes showed no changes in mice injected with TNFα-activated MSCs compared with other groups ([Supplementary Figures S4c, d and e](#sup1){ref-type="supplementary-material"}), suggesting the specific accumulation of neutrophils.

TNFα-activated MSCs recruit neutrophils through CXCR2 ligands
-------------------------------------------------------------

As shown above, CXCR2 was abundantly expressed on neutrophils. Based on this and the fact that TNFα-activated MSCs secreted large amounts of CXCR2 ligands, we speculated that the increased infiltration of neutrophils within the TME was due to increased recruitment mediated by MSCs. Thus, we first compared the expression level of CXCR2 ligands in MSCs derived from different tissues of the tumor-bearing mice. Indeed, T-MSCs strongly expressed CXCR2 ligands ([Figure 4a](#fig4){ref-type="fig"}). However, in MSCs isolated from bone marrow and lung, these chemokines were only marginally detected. TNFα could activate bone marrow-MSCs to express CXCR2 chemokines *in vitro* at both mRNA ([Figure 4b](#fig4){ref-type="fig"}) and protein levels ([Figure 4c](#fig4){ref-type="fig"}). However, 4T1 tumor cells expressed a low level of CXCR2 ligands and did not respond to TNFα activation ([Figure 4b](#fig4){ref-type="fig"}). These data suggested that MSCs were likely to be the main source of CXCR2 chemokines in the tumor.

We next employed an *in vitro* transwell assay to determine whether CXCR2 ligands secreted by MSCs induced neutrophil chemotaxis. Neutrophils were freshly isolated from the blood of tumor-bearing mice ([Supplementary Figure S5a](#sup1){ref-type="supplementary-material"}). When the bottom chamber was filled with conditioned medium of TNFα-activated MSCs, we observed efficient migration of neutrophils ([Figure 4d](#fig4){ref-type="fig"}). A CXCR2-specific antagonist, SB265610, significantly inhibited neutrophil migration, suggesting that CXCR2 is required for neutrophil chemotaxis. Our results demonstrated that TNFα-activated MSCs attracted neutrophils through the secretion of CXCR2 ligands.

Neutrophils are responsible for the pro-metastatic effect of MSCs
-----------------------------------------------------------------

To determine whether recruited neutrophils facilitate tumor metastasis, several experiments were performed. In the wound-healing assay, we found 4T1 cells migrated faster when co-cultured with neutrophils ([Figures 5a and b](#fig5){ref-type="fig"}). In animal experiments, we first determined whether co-injection of tumor cells with freshly isolated neutrophils could promote tumor metastasis. As shown in [Figure 5c](#fig5){ref-type="fig"}, neutrophils alone were sufficient to enhance tumor metastasis to lung.

Next, we co-injected tumor cells with different MSCs into mice. We then treated mice with the CXCR2 antagonist through intraperitoneal injection. SB265610 efficiently decreased neutrophil infiltration into tumor ([Supplementary Figure S5b](#sup1){ref-type="supplementary-material"}), but did not significantly change the numbers of neutrophil in the blood ([Supplementary Figure S5c](#sup1){ref-type="supplementary-material"}). On the other hand, quantitation of tumor nodules in the lung, and H&E staining of the lung tissues showed that SB265610 significantly decreased the pro-metastatic effect of TNFα-activated MSCs ([Figures 5d and e](#fig5){ref-type="fig"}), whereas no significant difference in primary tumor growth was observed ([Supplementary Figure S5d](#sup1){ref-type="supplementary-material"}). Furthermore, CXCR2 antagonist treatment also prolonged the survival time of tumor-bearing mice ([Figure 5f](#fig5){ref-type="fig"}). An Ly6G-neutralizing antibody was also used to specifically depleted neutrophils in mice. Indeed, we found that Ly6G antibody significantly decreased lung metastasis in the presence of TNFα-activated MSCs ([Supplementary Figure S5e](#sup1){ref-type="supplementary-material"}). Therefore, these data strongly suggest that neutrophils in the tumor have a critical role in tumor metastasis.

Neutrophils stimulate tumor cells to express high levels of pro-metastatic factors
----------------------------------------------------------------------------------

There are a substantial number of studies that have suggested that neutrophils can promote tumor metastasis through the secretion of MMPs and selected growth factors, such as IL-6 and TGFβ.^[@bib31],\ [@bib32],\ [@bib33]^ Meanwhile, the characteristics of tumor cells are also modified by neutrophils.^[@bib34]^ Based on these observations, we co-cultured 4T1 cells with freshly isolated neutrophils *in vitro* and examined the expression of pro-metastatic factors by the tumor cells. After co-culture with neutrophils for 12 h, we found the mRNA levels of multiple genes were markedly elevated in 4T1 cells, including chemokine receptors (CXCR4, CXCR7), MMPs (MMP12, MMP13) and growth factors (IL-6, TGFβ) ([Figure 6a](#fig6){ref-type="fig"}). In addition, previous reports also suggested that S100A8/9 enhanced breast cancer survival and chemotherapy resistance.^[@bib35]^ Indeed, we found a high level of S100A8/9 expressed by neutrophils, but not by MSCs or tumor cells ([Figure 6b](#fig6){ref-type="fig"}).

To investigate whether same mechanism exists in human breast cancer, we used an online database of potential breast cancer biomarkers (<http://www.kmplot.com>) to assess the prognostic implications of the expression of CXCR2 ligands in breast cancer patients. We examined all of the CXCR2 ligands and found that only IL8 levels showed correlations with breast cancer patient survival. Expression of high levels of IL8 was found to correlate with poor overall survival and distant metastasis-free survival ([Figures 6c and d](#fig6){ref-type="fig"}).

IL8, also known as CXCL8, is a well-studied chemotactic factor for neutrophils.^[@bib36]^ The IL8 gene is observed in humans, but is absent in mouse and rat.^[@bib37]^ After TNFα activation, human MSCs significantly upregulated IL8 levels ([Figure 6e](#fig6){ref-type="fig"}). We next investigated gene expression in a cohort of clinical breast cancer samples. Tumor specimens from 33 breast cancer patients were analyzed for gene expression. Based on the expression of IL8, the samples were divided into two groups. Interestingly, tumors with higher levels of IL8 expression tended to have much higher levels of pro-metastatic factors ([Figure 6f](#fig6){ref-type="fig"}). Therefore, our data suggested that neutrophil accumulation in human tumors may also result in promotion of tumor malignancy and metastasis.

Discussion
==========

Tumor metastatic models have demonstrated that MSCs in primary tumors can influence tumor cell invasion and metastasis by providing contextual signals. Also, MSCs orchestrated the tumor immune microenvironment through their cross-talk with inflammatory cells.^[@bib10],\ [@bib13],\ [@bib38]^ Here we demonstrate that TNFα-activated MSCs enhance breast cancer lung metastasis, and suggest that interactions between MSCs and inflammation endow the TME with more vigorous neutrophil infiltration, thereby promoting tumor metastasis.

Although the role of TNFα-activated MSCs in tumor progression has been shown in various types of cancer,^[@bib13]^ there is currently no available evidence showing their effect on tumor metastasis. Our demonstration of increased metastatic nodules in the lungs of mice with 4T1 breast cancer cell-derived tumors, in the presence of injection of TNFα-activated MSCs, indicates that TNFα-activated MSCs promote breast cancer metastasis to the lung. Our previous study reported that TNFα-activated MSCs mimicked T-MSCs, with the comparable ability to promote tumor growth.^[@bib13],\ [@bib39]^ Similarly, we found that T-MSCs advanced tumor metastasis. Although a previous report showed that MSCs could promote the migration of mammary cancer cells *in vitro*,^[@bib40]^ studies from our tumor model showed that TNFα-activated MSCs failed to directly enhance 4T1 cell migration, suggesting that MSCs enhanced tumor metastasis through their interaction with other types of cells in the TME. We further demonstrated that CD11b^+^Ly-6G^+^ cells were the major cell population involved in tumor metastasis enhanced by TNFα-activated MSCs. Previous studies have reported that CD11b^+^Gr1^+^ and other myeloid cell types can facilitate tumor growth and metastasis.^[@bib41],\ [@bib42],\ [@bib43]^ CD11b^+^Gr1^+^ cells are a cell population comprised by neutrophils and monocytes.^[@bib43]^ It has been reported that CCL2/CCR2 signaling mediated monocyte/macrophage accumulation facilitates breast cancer metastasis.^[@bib21]^ However, we excluded the possibility that monocytes and macrophages were involved in the enhanced tumor metastasis by TNFα-activated MSCs. Only blockade of CXCR2 could abolish the advancement of tumor metastasis by TNFα-activated MSCs, indicating that CXCR2^+^ cells are the key cell population that mediates the pro-metastatic role of TNFα-activated MSCs. It has been demonstrated that CXCR2 ligands are critical in recruiting neutrophils in the process of inflammation.^[@bib35],\ [@bib44]^ Taken together, these data confirmed CXCR2^+^ neutrophil accumulation to be critical for the pro-metastatic microenvironment prepared by TNFα-activated MSCs.

Although increased neutrophil infiltration was observed in both the pro-metastatic tumor site and the pre-metastatic lung in breast cancer model,^[@bib43],\ [@bib45]^ CXCR2 ligands CXCL1, CXCL2 and CXCL5 exhibited high levels of expression in the primary tumor site, but not bone marrow or lung. This result indicates that tumor MSCs-induced neutrophil increase in the primary tumor site and blood has a critical role in regulating tumor metastasis. Consistently, removal of the primary tumor can lead to the reduction of neutrophils in peripheral blood.^[@bib45]^ Our previous study pointed that MSCs could inhibit lymphocyte apoptosis through IL-6 secretion.^[@bib46]^ Studies also found that IL-6 produced by human MSCs can suppress neutrophil apoptosis.^[@bib47]^ The supporting effect of TNFα-activated MSCs on neutrophil survival will be of interest to study in further experiments.

The role of neutrophils in the steps of tumor metastasis was also studied. Some genes, such as S100A8 and S100A9, were increased in neutrophils that were related to tumor metastasis.^[@bib35]^ We also observed high levels of S100A8 and S100A9 expression in neutrophils, but not stromal cells and tumor cells. However, the function of these neutrophil-derived factors remains elusive. Our data have demonstrated that tumor cells co-cultured with neutrophils express higher levels of pro-metastatic genes, including CXCR4, CXCR7, MMP12, MMP13, IL-6 and TGFβ. In turn, these tumor cells might shape the TME, even affecting the properties of tumor-infiltrating neutrophils. Interestingly, in comparison of blood-derived neutrophils and tumor-derived neutrophils, we found that tumor-derived neutrophils showed elevated expression of multiple growth factors (for example, IL-6, VEGF), compared with that of blood-derived neutrophils (data not shown). Moreover, those tumor-derived neutrophils resulted in more severe lung metastasis than blood-derived neutrophils (data not shown). A comparison of tumor-associated neutrophils, granulocytic myeloid-derived suppressor cells and normal neutrophils by transcriptomic analysis found that the TME influenced the mRNA program of neutrophils, with a prominent feature to promote tumor progression.^[@bib48]^ The molecular mechanisms modifying neutrophils during tumor metastasis will be an important area for study. For instance, whether neutrophil-secreted factors affect tumor stem cell stemness through targeting oncogenes such as c-myc^[@bib49]^ and p63^[@bib50],\ [@bib51],\ [@bib52]^ is important to understand. Nevertheless, these results indicated that neutrophils infiltration of the TME could be the result of a series of events initiated by the inflammatory cytokine activated MSCs.

In conclusion, our findings provide a novel mechanism through which MSCs promote tumor metastasis. CXCR2^+^ neutrophil accumulation in pro-metastatic microenvironment is induced by the regulatory effects of TNFα on MSCs. These neutrophils can directly enhance tumor lung metastasis by enhancing tumor cell expression of pro-metastatic genes. Therefore, targeting MSC-induced immune cell chemotaxis may provide a potential method for clinical cancer therapy.

Materials and methods
=====================

Mice
----

BALB/c mice were purchased from the Shanghai Laboratory Animal Center of Chinese Academy of Sciences, Shanghai, China, and maintained under specific pathogen-free conditions. Mice were maintained in the vivarium of Shanghai Jiao Tong University School of Medicine. Animals were matched for age and gender in each experiment. The animal protocols for the experiments described in this paper were approved by the Institutional Animal Care and Use Committee of the Institute of Health Sciences, Shanghai Institutes for Biological Sciences of Chinese Academy of Sciences.

Cells
-----

MSCs were generated from tibia and femur bone marrow or by isolation from lung and tumor digested with type II collagenase (Sigma-Aldrich, St Louis, MO, USA) using 6--10 week-old mice. Cells were cultured in DMEM supplemented with 10% fetal bovine serum, 2 mM glutamine, 100 U/ml penicillin and 100 μg/ml streptomycin (all from Invitrogen, Carlsbad, CA, USA). Cells were used before 20th passage. The identity of the MSCs was confirmed by their capability to differentiate into adipocytes, osteoblasts and chondrocytes, and by their expression of specific cell surface markers.

Reagents
--------

Recombinant mouse TNFα, ELISA kit for testing mouse CCL5, CXCL1 and CXCL5 were purchased from R&D Systems (Minneapolis, MN, USA). FACS antibodies were from eBiosciences (La Jolla, CA, USA). Bouin\'s solution, RS504393 and SB431542 were from Sigma-Aldrich. Mouse neutrophil isolation kit was purchased from Miltenyi Biotec (Bergisch Gladbach, Germany). Ly6G antibody and isotype antibody were purchased from Biolegend (San Diego, CA, USA). PCR Array Kit for Mouse Chemokines & Receptors was purchased from SABiosciences (Valencia, CA, USA).

Animal studies
--------------

MSCs (1 × 10^5^) were co-injected with 4T1 tumor cells (4 × 10^5^) into BALB/c mice in the intramammary gland fat pad. At various time points, tumor sizes were measured and the immune cell frequency in tumors or peripheral blood was analyzed by flow cytometry. Four weeks after tumor cell administration, the resultant tumors were excised and weighed. Tumor nodes on lung were counted and showed by HE staining.

Real-Time PCR
-------------

Total RNA was isolated using RNAprep pure Cell/Bacteria Kit (Tiangen Biotech, Beijing, China), and reverse-transcribed into complementary DNA was performed using first complementary DNA Synthesization Kit with oligo(dT)~15~ (Tiangen Biotech). The levels of mRNA of genes of interest were measured by real-time PCR (7900 HT by Applied Biosystems, Foster City, CA, USA) using SYBR Green Master Mix (Roche Diagnostics, Indianapolis, IN, USA). Total amount of mRNA was normalized to endogenous β-actin mRNA. Sequences of PCR primer pairs were listed in [Supplementary Table 1](#sup1){ref-type="supplementary-material"}.

Flow cytometric analysis
------------------------

Cells surface markers were stained according to the R&D flow cytometry protocol. In brief, cells were firstly harvested and washed with PBS. Cells were then resuspended in PBS containing 0.5% bovine serum albumin and were incubated on ice for 30 min with fluorochrome-conjugated antibodies. Then stained cells were washed and analyzed on a FACS Calibur flow cytometer (Becton Dickinson, SanJose, CA, USA). FCS Express software was used for data analysis.

Clinical samples
----------------

The tumor specimens from breast cancer patients in this study were obtained from the Tumor Center of the Institute of Health Sciences, Shanghai Institutes for Biological Sciences. All individuals provided informed consent. The study was approved by the institutional biomedical research ethics committee of the Shanghai Institutes for Biological Sciences (Chinese Academy of Sciences).

Statistical Analysis
--------------------

For statistical analysis, mean values with s.e.m. were presented in most graphs that were derived from several repeats of biological experiments. Statistical significance was assessed by unpaired two-tailed Student\'s *t*-test. The Kaplan--Meier method was used to estimate the survival curves for the patient. For animal survival analysis, log-rank (Mantel--Cox) test was used.
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![TNFα-activated MSCs promote tumor metastasis. (**a**) 4T1 breast cancer cells (4 × 10^5^) were co-injected with MSCs (1 × 10^5^) into the fat pad of BALB/c mice; the control group received 4T1 cells alone. MSCs were activated by TNFα (10 ng/ml) for 24 h. Mice were euthanized after 4 weeks. Metastatic tumor nodules in the lung were counted. (**b**) Animal survival analysis. BALB/c mice received 4T1 cells alone or with different MSCs as described in **a**. (**c**) 4T1 breast cancer cells (4 × 10^5^) were injected into fat pad of BALB/c mice. Mice were euthanized after 14 days. The concentration of TNFα in serum was tested by ELISA assay. TNFα levels in serum of normal mice served as a control. (**d**) Animal model was as described in **a**. Metastatic tumor nodules in the lung were counted. (**e** and **f**) For the wound-healing assay, cultured 4T1 cells were first starved for 24 h. Wound closures were photographed (**e**) and statistically analyzed (**f**) at 24 h after wounding (scale bars: 700 μm). Data are shown as means±s.e.m. Statistical significance was assessed by unpaired, two-tailed Student\'s *t*-test.](onc2016217f1){#fig1}

![TNFα-activated MSCs promote tumor metastasis did not through CCL5 and CCR2 ligands. (**a**) Data sets of chemokine mRNA expression by MSCs were obtained through qPCR array. Only the chemokines with more than fivefold changes are shown. (**b** and **c**) Animal experiments were as described in [Figure 1a](#fig1){ref-type="fig"}. CCL5-KO MSCs were activated by TNFα (10 ng/ml) for 24 h. Metastasis lung tumor nodules were identified by whole-lung images (stained by bouin\'s solution), H&E staining (**b**) (scale bars: 500 μm) and counted (**c**). (**d**) BALB/c mice received 4T1 cells alone or with different MSCs as described in [Figure 1a](#fig1){ref-type="fig"}. Mice were euthanized after 10 days. Single-cell suspensions prepared from tumor tissues were analyzed for the frequency of CD11b^+^ F4/80^+^ macrophages by flow cytometry. (**e** and **f**) Animal experiments were as described in [Figure 1a](#fig1){ref-type="fig"}. RS504393 was injected intraperitoneally (2 mg/kg) every day. Tumors were excised after 4 weeks. Metastatic tumor nodules in the lung were detected by whole-lung images (stained by bouin\'s solution) (**e**) and counted (**f**). Data are shown as means±s.e.m. Statistical significance was assessed by unpaired, two-tailed Student\'s *t*-test.](onc2016217f2){#fig2}

![TNFα-activated MSCs recruit more neutrophils to tumor. (**a** and **b**) Peripheral blood cells from 4T1 tumor-bearing mice were stained for CD11b, Ly6G, CXCR2 and other immune cell markers and analyzed by flow cytometry. (**c** and **d**) BALB/c mice received 4T1 cells alone or with different MSCs as described in [Figure 1a](#fig1){ref-type="fig"}. Mice were euthanized after 10 days. Single-cell suspensions prepared from tumor tissues (**c** and **d**) or from peripheral blood (**c**) were analyzed for the frequency of CD11b^+^ Ly6G^+^ neutrophils by flow cytometry. Data are shown as means±s.e.m. Statistical significance was assessed by unpaired, two-tailed Student\'s *t*-test.](onc2016217f3){#fig3}

![TNFα-activated MSCs secrete CXCR2 ligands and recruit neutrophils. (**a**) MSCs were generated from primary tumor, bone marrow and lung of the mice bearing 4T1 tumor. Expression of chemokines in MSCs was determined by qPCR at passage 1. (**b**) MSCs and 4T1 cells were cultured *in vitro* and activated by TNFα (10 ng/ml) for 12 h. Chemokine expression was determined by qPCR. (**c**) MSCs were cultured *in vitro* and activated by TNFα (10 ng/ml) for 24 h. Chemokine levels in the medium were determined by ELISA assay. (**d**) In the transwell assay, neutrophils were seeded in the top well and MSC-cultured medium (MSC-CM) placed in the bottom well. SB265610 was added to both the top and bottom wells. Data are shown as means±s.e.m. Statistical significance was assessed by unpaired, two-tailed Student\'s *t*-test.](onc2016217f4){#fig4}

![Neutrophils promote tumor metastasis. (**a** and **b**) For the wound-healing assay, cultured 4T1 cells were first starved for 24 h. New medium was added and freshly isolated neutrophils were added. Wound closures were photographed (**a**) and statistically analyzed (**b**) at 24 h after wounding (scale bars: 700 μm). (**c**) 4T1 breast cancer cells (4 × 10^5^) alone or with freshly isolated neutrophils (4 × 10^5^) were co-injected into fat pad of BALB/c mice. Mice were euthanized after 4 weeks. Metastasis of tumor nodules on lung was displayed by counting. (**d** and **e**) Animal experiments were as described in [Figure 1a](#fig1){ref-type="fig"}. SB265610 was i.p injected (2 mg/kg) to mice every days. Metastasis of tumor nodules on lung was displayed by counting (**d**), HE staining (scale bars: 700 μm) and whole-lung images (stained by bouin\'s solution) (**e**). (**f**) Animal survival analysis. BALB/c mice were injected with 4T1 cells alone or with different MSCs as described in [Figure 1a](#fig1){ref-type="fig"}. SB265610 was i.p injected (2 mg/kg) to mice every 2 days. Data are shown as means±s.e.m. Statistical significance was assessed by unpaired, two-tailed Student\'s *t*-test.](onc2016217f5){#fig5}

![Neutrophils induce expression of pro-metastatic factors in tumor cells. (**a**) 4T1 cells were co-cultured with freshly isolated neutrophils for 12 h, after which time, the neutrophils were washed off of the plate and gene expression in 4T1 cells was detected by qPCR. (**b**) mRNA levels of S100A8/9 in different cells were detected by qPCR. (**c** and **d**) Overall survival (**c**) and distant metastasis-free survival (**d**) of breast cancer patients with high- or low- IL8 (Affymetrix ID: 202859_x\_at) expression. Hazard ratios (HR) and *P*-values (log-rank *P*) were depicted for each survival analysis. Kaplan--Meier survival data were generated using the publicly online tool KM-plotter. (**e**) IL8 expression in TNFα-treated human MSCs (10 ng/ml, 12 h) was analyzed by real-time PCR. (**f**) Correlation analysis of IL8 and other pro-metastatic genes expression in breast cancer patient samples.](onc2016217f6){#fig6}
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